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useful in Urge scale recovery of macromolecules such as proteins. 
An elcctrophoretic potential with an initial polarity is applied 
across an elcctrophoretic medium (13) so as to induce at least 
two species of macromolecules (1, 2) in a mixture (3) with a first 
electrolyte solution to move into the medium (13) and towards a 
second electrolyte solution on an opposite side of the medium (13). 
Tbe at least two species of macromolecules (t, 2) have similar 
transport characteristics, although at least one (1) of tbe at least 
two species of macromolecules (1.2) move(s) through tbe medium 
(13) at a faster rate than the other species of rracromolecules 
(2). The initial polarity is maintained until just before any of the 
other species of macromolecules (2) have emerged into the second 
electrolyte solution whereupon the polarity of the electrophorcric 
potential is reversed while pre venting the proportion of the at least 
one species of macromolocules (1) which has already emerged into 
the second electrolyte solution from being drawn back into the 
medium (13). The application and reversal of the elcctrophoretic 
potential is repeated until a desired proportion of the at least one 
species of iracromolocules (1) has been transferred to the second 
electrolyte solution. Preferably, tbe ratio of times of the initial 
polarity to the reversed polarity is between 1:2 and 1:4 so that the 
other species of macromolecules (2) arc substantially completely 
driven back into the first electrolyte solution. 
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IMPROVEMENTS IN PROTEIN SEPARATTflK 
Field of the Ipveptjpp 

The present invention relates to a method of, and 
apparatus for, preparative electrophoresis and, in 
5 particular, to such methods and apparatus useful in large 
scale recovery of macromolecules such as proteins. 
Description of Prior Art 

Electrophoretic separation of macromolecules such as 
proteins, peptides, nucleic acids and other compounds is 
10 typically carried out using a medium such as a chemical 
gel or a membrane. The process involves bringing a first 
buffer containing a mixture of macromolecule species into 
contact with the electrophoretic medium whilst an 
electrophoretic potential is applied along or across the 

15 medium so that at least some of the macromolecules are 

induced to migrate into the medium. The medium typically 
has a cut-off pore size which is selected so as to allow 
the entry of molecules having less than a given size. 
Further, manipulation of the pH of the buffers used in .the 

20 separation process can contribute to the selection of the 
molecule species to be separated. The separated molecules 
are normally caused to emerge from the medium into a 
second buffer for collection. 

A known problem with such electrophoretic separation 

25 methods is that molecules larger than the given size will 
foul the surface of the electrophoretic medium. 

This problem has been overcome by a technique of 
intermittently reversing the polarity of the 
electrophoretic potential so as to draw the fouling 

30 molecules away from the surface of the medium whilst 
ensuring that there is still a positive movement of the 
molecules to be separated towards the second buffer. To 
achieve this, the polarity reversal is typically conducted 
in short bursts only and the total time of polarity 

35 reversal is necessarily a fraction of the time of applying 
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the "forward" polarity of the electrophoretic potential 
(see Australian Patent specification 601040). 

Typically, the reversal of the polarity is carried 
out repeatedly at a rate such that the membrane is 
5 constantly being cleared of any surface fouling material. 
As such, it will be appreciated that the polarity reversal 
process is analogous to vibrating a sieve. In this model 
all undersize particles pass through the sieve but 
oversize particles clog it. Vibrating the sieve clears 

10 the oversize particles away from the surface of the sieve 
and allows more undersize particles to pass through it. 

The known electrophoretic separation methods are 
generally effective for separating macromolecules having 
different transport characteristics (i.e. size, charge, 

15 shape, isoelectric point) which have actually entered the 
electrophoretic medium. Where, however, the transport 
characteristics of two or more of the macromolecules in 
the medium are similar, it can be difficult to achieve a 
complete separation of one of the macromolecular species 

20 in the mixture from the others using such conventional 
methods . 

The extent to which two molecule species can be 
physically separated in an electrophoretic medium will 
depend not only on their charge characteristics but also 

25 on the mean length of paths that the molecules may follow 
through the electrophoretic medium. Even for a very long 
mean path length there may not be complete separation of 
the molecule species due to molecules of the faster moving 
species being trapped in the medium and contaminating the 

30 slower moving molecular species. Even if merely 

lengthening the medium would achieve complete separation 
of two species that have similar transport 
characteristics, the use of such an elongate 
electrophoretic medium would be inconvenient and there may 

35 be practical problems to overcome, such as heat 
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dissipation. 

In contrast, the present method and apparatus 
utilises the observed differential in the rate of progress 
of components using a selected electrophoretic medium 
5 and/or pH of the buffer so that different species of 
macromolecules can be conveniently and generally 
completely separated from one another despite similarities 
in their transport characteristics. 
Summary pf the Invention 

10 The present invention provides a method for the 

electrophoretic separation of at least one species of 
macromolecules from a mixture with at least one other 
species of macromolecules by causing the electrophoretic 
migration of the at least one species of macromolecules 

15 from a first electrolyte solution to a second electrolyte 
solution through an electrophoretic medium separating 
those solutions, the medium having paths therethrough 
with a cross-sectional dimension sufficient to allow at 
least the at least two species of macromolecules in the 

20 mixture to pass therethrough and with a mean path length 
for the movement of molecules through the medium which is 
very large relative to the effective size of at least one 
of the species of macromolecules in the mixture, the 
method comprising: 

25 applying an electrophoretic potential across the 

electrophoretic medium with an initial polarity to drive 
the macromolecules of the mixture into the medium until a 
proportion of the at least one species of macromolecules 
emerges from the medium into the second electrolyte 

30 solution and the other species of macromolecules have 
penetrated a substantial distance through the medium but 
before the other specie(s) of macromolecules have so 
emerged; 

reversing the polarity of the electrophoretic 
35 potential so as to drive the macromolecules which are in 
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the medium back towards the first electrolyte solution 
while substantially preventing the proportion of the at 
least one species of ntacromolecules that has emerged into 
the second electrolyte solution from being drawn back into 
5 the medium; and 

repeating the application and reversal of the 
electrophoretic potential until a desired proportion of 
the at least one species of macromolecules has been 
transferred to the second electrolyte solution. 

10 Preferably, the step of reversing the polarity of the 

electrophoretic potential is continued for a sufficient 
time to allow the other specie(s) of macromolecules to be 
substantially completely driven back into the first 
electrolyte solution before re-establishing the initial 

15 polarity of the electrophoretic potential and repeating 
the cycle of application and reversal of the polarity of 
the electrophoretic potential. 

Preferably, the proportion of the one species of 
macromolecules that has emerged into the second 

20 electrolyte solution is substantially prevented from being 
drawn back into the medium by selectively replacing the 
second electrolyte solution with fresh second electrolyte 
solution during the step of reversing the polarity of the 
electrophoretic potential. 

25 Preferably, the proportion of the at least one 

species of macromolecules that has emerged into the second 
electrolyte solution is transported to a first downstrean 
reservoir during the step of applying the initial polarity 
of the electrophoretic potential and wherein, during the 

30 step of reversing the polarity of the electrophoretic 
potential, a second downstream reservoir supplies the 
fresh second electrolyte solution. 

The reverse polarity of the electrophoretic potential 
is preferably maintained for a time that is at least equal 

35 to no more than the time that the initial polarity is 
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maintained. More preferably the ratio of the times of the 
initial and reverse polarities is from 1:2 to 1:4. 

The electrolyte solutions are preferably formulated 
buffers to keep the electrophoretic medium at a desired 
5 pH. Alternatively, this may be achieved by the 
incorporation of immobilised amphoteric buffering 
compounds into the electrophoretic medium. 

The length of the mean path for the molecules through 
the electrophoretic medium is preferably at least 10,000 

10 times, and more preferably at least 20,000 times, as long 
as the effective size of the one species of 
macromolecules . The effective size of the macromolecules 
is the maximum size measured in the direction of movement 
of the macromolecule through the electrophoretic medium 

15 under the applied potential serving to draw the 

macromolecules through the medium. Typically, the length 
of the mean path, which will of course normally be 
somewhat longer than the thickness of the electrophoretic 
medium, will be extremely large relative to the effective 

20 size of the macromolecules. The measurement of the 

effective size of the molecules or of the mean path length 
are thus not normally matters of critical importance. It 
would reguire the electrophoretic medium to be a membrane 
of extreme thinness before the matter became critical. 

25 The present invention also provides apparatus for the 

electrophoretic separation of at least one species of 
macromolecules from a mixture containing at least one 
other species of macromolecules, comprising: 

a first electrolyte solution compartment to contain 

30 the mixture and a first electrolyte solution; 

a second electrolyte solution compartment to contain 
an electrolyte solution for collecting the one species of 
macromolecules ; 

an electrophoretic medium separating the first and 

35 second compartments, the medium having pores of a 
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cross-sectional dimension sufficient to allow the 
macromolecules to pass therethrough and having a mean path 
length for molecules passing through the medium which is 
very large relative to the effective size of the 
5 macromolecules of at least one of the species of 
macromolecules in the mixture; 

first and second electrodes on opposite sides of the 
medium for applying an electrophoretic potential across 
the medium with an initial polarity to induce the 

10 macromolecules to move from the first electrolyte 

solution compartment into the medium and towards the 
second electrolyte solution compartment; 

control means to reverse the polarity of the 
electrophoretic potential at a first predetermined time 

15 after applying the initial polarity of the electrophoretic 
potential, which first predetermined time is after a 
proportion of the at least one species of macromolecules 
have emerged into the second electrolyte solution 
compartment and before any of the other species of 

20 macromolecules have so emerged; to re-establish the 

initial polarity of the electrophoretic potential after a 
second predetermined time which is sufficient to cause the 
macromolecules which are in the medium to migrate back 
towards the first electrolyte solution compartment a 

25 predetermined distance; and to repeat the application and 
reversal of the polarity of the electrophoretic potential 
for a predetermined period until a desired proportion of 
the one species of macromolecules has been transferred 
from the mixture to the electrolyte solution in the second 

30 compartment. 

Preferably, the second predetermined time is 
sufficient to cause substantially all of the 
macromolecules which are in the membrane to migrate back 
into the first electrolyte solution compartment. 

35 Preferably, the second predetermined time is at least 
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equal to the first predetermied time. More preferably, 
the ratio of the first predetermined time to the second 
predetermined time is from 1:2 to 1:4. 

Preferably, the control means also causes the second 
5 electrolyte solution compartment to fluidly communicate 
with a first downstream reservoir during the step of 
applying the initial polarity of the electrophoretic 
potential so as to collect the electrolyte solution 
containing the separated macromolecules of the one species 

10 of macromolecules, and automatically disconnects the 

second compartment from the first downstream reservoir and 
connects it to a second downstream reservoir which 
supplies a fresh electrolyte solution to the second 
compartment during the step of reversing the polarity of 

15 the electrophoretic potential. 

Preferably, the predetermined period is sufficient to 
remove a significant proportion, preferably at least 40% 
and more preferably at least 50% of the at least one 
species of macromolecules from the mixture and concentrate 

20 same in the electrolyte solution in the second compartment 
and first downstream reservoir. 

In one preferred embodiment, the apparatus includes a 
plurality of mediums arranged in a series having 
decreasing pore size, each membrane to be used to separate 

25 a respective species of macromolecules from the mixture. 
In the same way that the prior art arrangement 
involving reversal of polarity could be likened to 
vibrating a sieve, the process according to the present 
invention can be likened to a fun-run. Using the fun-run 

30 analogy, the present invention is like separating male 
runners from female runners with the knowledge that, on 
average, male runners are faster than female runners. A 
large group containing a mixture of male and female 
runners is assembled at the start. line with the race 

35 course (i.e. from start to finish) being analogous to the 
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electrophoretic medium of the present invention. The race 
is then started with male and female runners racing 
towards the finish line. It can be predicted that a 
certain number of male runners will finish the fun-run 
5 before any of the female runners. The fun-run is 
purposely stopped just prior to any female runners 
crossing the finish line. All of the runners which have 
not yet crossed the finish line would then be sent back to 
start another race. The fun-run races can then be 
10 repeated until a desired proportion of the male runners 
have been separated from the female runners. 
Brief Description of the Drawings 

A preferred form of the present invention will be 
described by way of example with reference to the 
15 accompanying drawings, wherein: 

Figures 1 and 2 are schematic views of the 
electrophoretic separation process of the present 
invention at two separate stages of the process; 

Figure 3 is a schematic view of the electrophoretic 
20 separation apparatus of the present invention. 
Best Method of Carrvi no out the Invention 

The apparatus 10 shown in Figure 3 includes an 
upstream buffer compartment 11 and a downstream buffer 
compartment 12 separated by an electrophoretic 
25 membrane 13. The compartments 11, 12 have outer walls 14 
which are permeable to ion solutions but not to 
macromolecules such as protein. 

Electrodes 15, 16 are provided outside the upstream 
and downstream compartments 11, 12 so as to be on opposite 
30 sides of the membrane 13. The electrodes 15, 16 are used 
to apply an electrophoretic potential across the 
membrane 13. 

The first compartment 11 communicates via 
tubes 24, 25 with an upstream reservoir 17 so that 
35 commercial quantities of a mixture containing various 
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species of macromolecules can be circulated as a first 
buffer stream past the membrane 13. The mixture 3 
contains a predetermined species 1 of macromolecules which 
is desired to be separated from other specie(s) 2 of 
5 macromolecules having similar transport characteristics 
which is/are also contained in the mixture 3. 

The downstream compartment 12 selectively 
communicates via tubes 20, 21 with either a first 
downstream reservoir 18 or a second downstream 

10 reservoir 19 which are arranged in parallel. The first 
downstream reservoir 18 is used to collect buffer 
containing the one species of macromolecules which has 
been separated from the mixture, and the second downstream 
reservoir 19 contains a fresh aliquot of buffer solution. 

15 The downstream reservoirs 18, 19 are connected to the 

tubes 20 t 21 by a pair of control valves 22, 23 so that a 
control device (not shown) can fluidly connect one or the 
other of the reservoirs 18, 19 to the downstream 
compartment 12 • 

20 In use, the mixture 3 containing the two or more 

species of macromolecules 12, including a particular 
species of macromolecules 1 which is to be separated from 
the mixture 3, is contained in the upstream reservoir 17 
and is circulated as a first buffer stream through the 

25 tube 24, the upstream compartment 11 and back to the 
reservoir 17 through the tube 25. 

The membrane 13 is selected having a predetermined 
pore size so that the species of macromolecules 1 which is 
to be separated from the mixture 3 will progress through 

30 the membrane 13 at a faster rate than any of the other 
species of macromolecules 2 in the mixture. A suitable 
electrophoretic potential is applied across the 
membrane 13 by means of the electrodes 15, 16 with an 
initial polarity for inducing the macromolecules 1, 2 to 

35 migrate from the mixture in the upstream compartment 11 
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into the membrane 13 and towards the downstream 
compartment 12. 

The initial polarity of electrophoretic potential is 
maintained whilst the species of macromolecules 1 to be 
5 separated moves through the membrane 13 and emerges into 
the downstream compartment 12 and for so long as 
substantially none of the other species of 
macromolecules 2 have emerged into the downstream 
compartment 12. In this phase of the process, the first 

10 downstream reservoir 18 is caused to be connected to the 
downstream compartment 12 so that the separated species of 
macromolecules 1 can be collected. 

At a first predetermined time when the other species 
of macromolecules 2 are about to emerge from the 

15 membrane 13 into the downstream compartment 12, the 

polarity of the electrophoretic potential is reversed so 
as to induce all of the macromolecules 1, 2 within the 
membrane 13 to migrate back towards the upstream 
compartment 11. The reversed polarity of the potential is 

20 maintained for a second predetermined time until 

substantially all of the macromolecules 1, 2 have emerged 
from the membrane 13 back into the upstream compartment 12 
whereupon the initial polarity is re-established to start 
a new cycle. 

25 During the reversed polarity phase of the process, 

the second downstream reservoir 19 is caused to be 
connected to the downstream compartment 12 so as to supply 
a fresh aliquot of buffer solution into the downstream 
buffer compartment 12. In this way, the proportion of the 

30 species of macromolecules which has already emerged from 
the membrane 13 into the downstream solvent stream is 
moved out of the downstream compartment 12 and replaced 
with the fresh aliquot of buffer solution. This generally 
avoids any of the one species of macromolecules which have 

35 already been separated from being induced back into the 
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membrane 13. 

The above process can be repeated on the mixture 
using a series of membranes 13 having different pore sizes 
and/or by changing the pH of the buffer so as to 
5 successively separate different species of macromolecules 
contained in the mixture. For example , the membranes 13 
for each successive stage of the separation process may 
have decreasing pore size to create a discontinuous pore 
gradient. 

10 It will be appreciated that the selection of the 

membrane, the buffer, and the above first and second 
predetermined times for applying and reversing the 
electrophoretic potential must first be determined by . 
trials using, for example, coloured markers. Once the 

15 most appropriate membrane and buffer solution for 

separating a particular species of macromolecules from a 
particular mixture have been selected, and the times for 
applying the electrophoretic potential and reversing the 
polarity of the potential respectively have been 

20 determined for the selected membrane and buffer, the 

process can be easily automated using appropriate control 
devices. 

Further, the cycle of applying and reversing the 
electrophoretic potential in accordance with the present 
25 invention will also serve to "flush out M any 

macromolecules which foul the surface of the membrane 13. 
Example 

The apparatus described in Figure 3 was used for the 
separation of stained Lysozyme monomer (KW 14kD) from 
30 dimer (2BkD) and higher polymers from a mixture thereof. 
The buffer used in the first and second buffer 
compartments was Tris-Borate-EDTA at a concentration of 
50mM giving a buffered pH of 8.3. 

The electrophoretic media comprised a stack of four 
35 membranes each having a molecular weight exclusion of 
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approximately 50kD. The total thickness of 0.4mm. The 
electrophoretic current was 180V, 0.4A with a brief 
reverse pulse periodically to reduce surface fouling of 
the membranes. 

5 The apparatus was operated with an initial forward 

polarity for three minutes followed by a reverse polarity 
for six minutes. It was found that substantially pure 
monomer was accumulated in the second buffer. When the 
initial forward polarity was increased to five minutes the 

10 second buffer solution was found to contain dimer. 

It will be appreciated by persons skilled in the art 
that numerous variations and/or modifications may be made 
to the invention as shown in the specific embodiments 
without departing from the spirit or scope of the 

15 invention as broadly described. The present embodiments 
are, therefore, to be considered in all respects as 
illustrative and not restrictive. 
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CLAIMS: 

1. A method for the electrophoretic separation of at 
least one species of macromolecules from a mixture with at 
least one other species of macromolecules by causing the 
5 electrophoretic migration of the at least one species of 
macromolecules from a first electrolyte solution to a 
second electrolyte solution through an electrophoretic 
medium separating those electrolyte solutions, the medium 
having paths therethrough with a cross-sectional dimension 

10 sufficient to allow at least the at least two species of 
macromolecules in the mixture to pass therethrough and 
with a mean path length for the movement of molecules 
through the medium which is very large relative to the 
effective si2e of at least one of the species of 

15 macromolecules in the mixture, the method comprising: 
applying an electrophoretic potential across the 
electrophoretic medium with an initial polarity to drive 
the macromolecules of the mixture into the medium until a 
proportion of the at least one species of macromolecules 

20 emerges from the medium into the second electrolyte 
solution and the other species of macromolecules have 
penetrated a substantial distance through the medium but 
before the other specie(s) of macromolecules have so 
emerged; 

25 reversing the polarity of the electrophoretic 

potential so as to drive the macromolecules which are in 
the medium back towards the first electrolyte solution 
while substantially preventing the proportion of the one 
species of macromolecules that has emerged into the second 

30 electrolyte solution from being drawn back into the 
medium; and 

repeating the application and reversal of the 
electrophoretic potential until a desired proportion of 
the at least one species of macromolecules has been 

35 transferred to the second electrolyte solution. 
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2. The method of claim 1 wherein the step of reversing 
the polarity of the electrophoretic potential is continued 
for a sufficient time to allow the other specie(s) of 
macromolecules to be substantially completely driven back 

5 into the first electrolyte solution before re-establishing 
the initial polarity of the electrophoretic potential and 
repeating the cycle of application and reversal of the 
polarity of the electrophoretic potential. 

3. The method of claim 2 wherein the proportion of the 
10 one species of macromolecules that has emerged into the 

electrolyte solution is substantially prevented from being 
drawn back into the medium by selectively replacing the 
second electrolyte solution with fresh second electrolyte 
solution before the step of reversing, the polarity of the 
15 electrophoretic potential. 

4. The method of claim 3 wherein the proportion of the 
one species of macromolecules that has emerged into the 
second electrolyte solution is transported to a first 
downstream reservoir during the step of applying the 

20 initial polarity of the electrophoretic potential and 

wherein, during the step of reversing the polarity of the 
electrophoretic potential, a second downstream reservoir 
supplies the fresh second electrolyte solution. 

5. The method of claim 1 wherein the cycle of applying 
25 and reversing the electrophoretic potential is repeated 

until a significant proportion of the. one species of 
macromolecules has been removed from the first electrolyte 
solution and^collected in the second electrolyte solution. 

6. The method of claim 1 wherein the mean path length of 
30 the electrophoretic medium is at least 10,000 times as 

long as the effective size of at least one of the species 
of macromolecules in the mixture. 

7. The method of claim 1 in which the electrolyte 
solutions are pH buffers. 

35 B. The method of claim 1 in which the ratio of the time 
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of the initial and the reverse polarities is from 1:2 to 
1:4. 

9. An apparatus for the electrophoretic separation of at 
least one species of macromolecules from a mixture 
5 containing at least one other species of macromolecules, 
comprising: 

a first electrolyte solution compartment to contain 
the mixture and a first electrolyte solution; 

a second electrolyte solution compartment to contain 
10 an electrolyte solution for collecting the at least one 
species of macromolecules; 

an electrophoretic medium separating the first and 
second compartments, the medium having paths with a 
cross-sectional dimension sufficient to allow the 
15 macromolecules to pass therethrough and with a mean path 
length for molecules passing through the medium which is 
very large relative to the effective size of the 
macromolecules of at least one of the species of 
macromolecules in the mixture; 
20 first and second electrodes on opposite sides of the 

medium for applying an electrophoretic potential across 
the medium with an initial polarity to induce the 
macromolecules to move from the first compartment into the 
medium and towards the second compartment; 
25 control means to reverse the polarity of the 

electrophoretic potential at a first predetermined time 
after applying the initial polarity of the electrophoretic 
potential, which first predetermined time is after a 
proportion of the at least one species of macromolecules 
30 have emerged into the second compartment and before any 
macromolecules of the other species of macromolecules have 
so emerged; to re-establish the initial polarity of the 
electrophoretic potential after a second predetermined 
time which is sufficient to cause the macromolecules which 
35 are in the membrane to migrate back towards the first 
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compartment a predetermined distance; and to repeat the 
application and reversal of the polarity of the 
electrophoretic potential for a predetermined period until 
a desired proportion of the at least one species of 
5 macromolecules has been transferred from the mixture to 
the electrolyte solution in the second compartment. 
10. The apparatus of claim 9 wherein the second 
predetermined time is sufficient to cause generally all of 
the macromolecules which are in the membrane to migrate 

10 back into the first electrolyte solution compartment. 
11- The apparatus of claim 9 wherein the control means 
also causes the second electrolyte solution compartment to 
fluidly communicate with a first downstream reservoir 
during the step of applying the initial polarity of the 

15 electrophoretic potential so as to collect the electrolyte 
solution containing the separated macromolecules of the at 
least one species of macromolecules, and disconnects the 
second compartment from the first downstream reservoir and 
connects it to a second downstream reservoir which 

20 supplies fresh electrolyte solution to the second 

compartment during the step of reversing the polarity of 
the electrophoretic potential. 

12. The apparatus of claim 9 including a plurality of 
mediums arranged in a series having decreasing pore size, 
25 each medium to be used to separate a respective species of 
macromolecules from the mixture. 
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